Objective: To evaluate the safety and efficacy of balloon pulmonary angioplasty (BPA) in patients with chronic thromboembolic pulmonary hypertension (CTEPH) seen at a US medical center. 
C hronic thromboembolic pulmonary hypertension (CTEPH) is defined as pulmonary hypertension (PH) caused by unresolved pulmonary emboli that persist despite more than 3 months of anticoagulation therapy. 1, 2 It is associated with high morbidity and mortality without treatment. 3 Historically, CTEPH has been treated with pulmonary endarterectomy in eligible patients and medical therapy in those unable to undergo surgical treatment. Pulmonary endarterectomy is considered the approach of first choice. However, approximately one-third of patients are deemed inappropriate for this procedure because of the location of the emboli and/or comorbidities, and some patients have recurrent or residual disease after surgery. 4, 5 Some patients with operable disease decline surgery and seek alternative approaches. Balloon pulmonary angioplasty (BPA) is an emerging catheter-based treatment modality that can be a useful treatment option for such patients. 6 It involves balloon dilation of the lobar, segmental, or subsegmental pulmonary arteries (PAs), typically in a series of sessions. 6 Limited data from small studies have shown improvement in hemodynamics with reduction in mean PA pressures and pulmonary vascular resistance, increase in cardiac index, and improvement in ventilatory efficiency with BPA. [7] [8] [9] [10] [11] [12] [13] Studies predominantly performed in Japan have reported beneficial effects of BPA on systemic functions (improved dysglycemia, renal and vascular function, and nutritional status) in addition to the hemodynamic improvement.
14 Complications and periprocedural mortality are low in experienced centers with high volumes. 11, 12, 15, 16 The potential complications include hemoptysis, pulmonary hemorrhage, wire injury, vessel dissection or rupture, reperfusion pulmonary edema, hemorrhagic pleural effusions, and death. 11 The published experience with this technique in North America is minimal and old, 17 and the ultimate role, risks, and benefits of this technique need to be further assessed. This article describes the initial experience with BPA in patients with CTEPH at Mayo Clinic. 
PATIENTS AND METHODS

BPA Procedure
Before the procedure, all available imaging studies including nuclear ventilationperfusion scan, computed tomographic angiography, invasive pulmonary angiography (either rotational DynaCT [Siemens Medical Solutions] or pulmonary digital subtraction angiography) were reviewed to guide strategy. The access for BPA was achieved through the femoral vein by advancing a balloon wedge catheter to the PA and then placing an exchange wire in order to facilitate placement of an 8F long sheath placed directly into the right or left PA. The guiding catheter was then inserted into the target pulmonary vasculature and selective angiography was performed. Target lesions of BPA were carefully delineated in lobar, segmental, or subsegmental PAs, with close attention being paid to identify target lesions with poor venous return ( Figure) . Chronic total occlusions were generally avoided if the distal vasculature was not visible. Pressure wire measurements were not routinely utilized. An average of 3 target lesions were dilated per session. Balloon pulmonary angioplasty was performed over multiple sessions to avoid excessive contrast medium and radiation exposure and to reduce the risk of reperfusion pulmonary edema. The goal of each balloon treatment was to adequately dilate the lesion and restore prompt pulmonary venous return (Figure) . The BPA sessions were repeated in a stepwise manner until sufficient clinical improvement or a target mean PA pressure of less than 30 mm Hg was achieved. Most patients were observed in the hospital overnight and underwent chest radiography before dismissal. Withdrawal of pulmonary vasodilators was considered on an individual patient basis depending on the subsequent clinical course. The last follow-up was used for final assessment.
Statistical Analyses
The primary study outcomes were a change in mean PA pressure and pulmonary vascular resistance as assessed by RHC, and the safety of the procedure was assessed by documenting the number and type of complications. The secondary study outcomes were changes in the following: NYHA functional class, NTproBNP level, 6MWD, RHC data (mean right atrial pressure [RAP] , right ventricular [RV] systolic pressure [RVSP] , RV end-diastolic pressure, PA systolic pressure, PA diastolic pressure, pulmonary capillary wedge pressure, cardiac output, cardiac index, PA oxygen saturation), and transthoracic echocardiographic parameters of RV function (RAP estimate, RVSP, pulmonary valve end-diastolic velocity, RV diameters and area, RV outflow tract time velocity integral, tricuspid annular plane systolic excursion [TAPSE] , tricuspid valve lateral annular systolic velocity, peak RV free wall strain, and left ventricular stroke volume index). The following markers of diastolic function were also compared before and after BPA: early mitral inflow velocity, ratio of early to late mitral inflow velocity, and medial and lateral mitral annular early filling velocity.
Data are expressed as median (interquartile range [IQR] ) and number (percentage) where appropriate. A comparison of continuous variables obtained at baseline and last follow-up was made using the Wilcoxon signed rank test. Categorical variables are presented as number (percentage). P<.05 was considered statistically significant. Statistical analyses were performed using JMP statistical software, version 12.0 (SAS Institute).
RESULTS
Thirty-one patients underwent BPA at Mayo
Clinic in Rochester during the study period. The mean AE SD age of the patients was 59.7AE16.7 years, and 13 (41.9%) were female. The mean AE SD duration of disease from diagnosis to the first session of BPA was 663AE1072 days. Underlying conditions and comorbidities are detailed in Table 1 . Five of the 31 patients (16.1%) had prior pulmonary endarterectomy. The median number of BPA sessions was 2 (IQR, 1-3), and the number of target lesions treated per session was 3 (IQR, 2-3). One patient with systemic PA pressures experienced cardiac tamponade requiring pericardiocentesis during efforts to place the guiding catheter; this patient did not have any BPA performed and is therefore not included in the current analysis. Pre-BPA, 22 patients had NYHA class III heart disease and 9 had class II. The 6MWD was 402 m (IQR, 311-439 m). Twenty-four of the 31 patients (77.4%) were receiving PH-targeted therapiesdriociguat in 22 (71.0%), macitentan in 3 (9.7%), sildenafil in 1 (3.2%), tadalafil in 1 (3.2%), bosentan in 1 (3.2%), and inhaled treprostinil in 1 (3.2%). Two patients were receiving 2 PH-targeted therapies and 1 was receiving 3. In 3 of 22 patients, riociguat was discontinued after completion of revascularization. The dose was reduced in 1 patient and increased in 2. Twenty-one of the 31 patients (67.7%) were taking warfarin, and the remaining 10 (32.3%) received novel oral anticoagulants. Twenty-one of the 31 patients (67.7%) were also taking aspirin (Table 1) .
In terms of efficacy, there was a statistically significant improvement noted in our primary outcomes of pulmonary hemodynamics after the last BPA session. Table 2 ). The pulmonary capillary wedge pressure and cardiac output were normal at baseline, and there was no significant difference post-BPA (Table 2) . Similarly, there was no significant difference in PA saturation before and after PBA (62% [IQR, 58%-68%] to 63% [IQR, 59%-70%]; P¼.34).
In terms of clinical improvement, 19 patients (61.3%) had 1 class or more improvement in symptoms, 3 of whom had 2-class improvement (NYHA class III to I). Functional class did not change in 9 patients, and 3 did not have follow-up assessment at the time of this analysis. The follow-up 6-minute walk test was performed in 13 patients and improved from 402 m (IQR, 311-439 m) to 439 m (IQR, 366-510 m; P¼.001). The NT-proBNP level was determined before and after BPA in 18 patients and declined from 312 pg/mL (IQR, 71-882 pg/mL) to 172 pg/mL (IQR, 32-349 pg/mL; P¼.18) (to convert NT-proBNP values to ng/L, multiply by 1.0). The cardiopulmonary stress test was performed at baseline and follow-up after BPA sessions in 16 patients. The number of metabolic equivalents achieved increased from 4.3 (IQR, 3.6-7.7) to 5.5 (IQR, 3.5-7.2; P¼.04). Mean AE SD maximum oxygen consumption increased by 2.2AE3.9 mL/kg per minute (P¼.08), and mean AE SD minute ventilation/carbon dioxide production nadir decreased by 3.4AE5. 5 (Table 3) . There were no differences in estimated RAP and parameters of left ventricular systolic and diastolic function. Overall, the procedure was safe with a low rate of complications (Table 4) . Complications included self-limited scant hemoptysis in 2 patients and severe hemoptysis (w200 mL expectorated blood) in 1 patient who required overnight intensive care unit (ICU) observation. One patient had cardiac tamponade during guide manipulation before BPA, requiring pericardiocentesis. One patient experienced pulmonary reperfusion injury requiring intubation and ICU admission, recovered, and was dismissed to home but had unexpected death within 30 days of discharge from the hospital (30-day mortality, 3.2%). Serious complications occurred in 3 of the 75 procedures (4.0%).
DISCUSSION
Our study has several important findings. First, BPA is an acceptably safe procedure with an overall low rate of complications when performed as repeated sessions. Second, BPA significantly improves mean PA pressure and pulmonary vascular resistance (both P<.001). Third, BPA is associated with significant improvement in NYHA functional class, exercise capacity (METs achieved), ventilatory efficiency (decreased minute ventilation/ carbon dioxide production nadir), and 6MWD. Fourth, BPA is associated with improvement in RV function as assessed by statistically significant improvement in RV peak average free wall strain, TAPSE, and mid RV size. We observed trends toward improvement in NT-proBNP level, which did not reach statistical significance.
Patients with CTEPH are often managed with a combined medical and surgical approach. Pulmonary endarterectomy is considered the treatment of first choice for patients with CTEPH who can undergo the procedure and is associated with less than 5% perioperative mortality in expert centers. 4 However, some patients are deemed inappropriate for pulmonary endarterectomy given the high surgical risk because of associated comorbidities or more distal small-vessel disease, and some patients choose not to undergo surgery. In addition, nearly 30% of patients have residual disease or recurrence after surgery, 18 and BPA is an emerging treatment option for these patients. Treatment with riociguat has been found to improve hemodynamics and exercise capacity in inoperable/residual CTEPH and is the only PH-targeted therapy that is specifically approved by the US Food and Drug Administration for CTEPH; however, other pulmonary vasodilators are sometimes used as well. Recently, macitentan has been reported to improve inoperable CTEPH, although it is not approved by the US Food and Drug Administration for CTEPH. 19 In our cohort, 77.4% of the patients (24) were receiving PH-targeted therapies and 71.0% (22) were treated with riociguat. Many patients who receive medical therapy for CTEPH remain severely symptomatic despite that therapy 20 and may be candidates for BPA.
There is limited experience with BPA in North America. The first report was from Feinstein et al 17 in 2001, who found improved hemodynamics and NYHA functional class but a high rate of reperfusion edema. The procedure was largely abandoned until it was tried again in different centers in Japan and Europe.
We present the first contemporary era North American experience of successful BPA in patients with inoperable/residual CTEPH, with a low rate of complications similar to the Japanese experience. 11 Reperfusion pulmonary edema was noted in only 2 of our patients; it was mild in 1 patient and led to intubation in the other, who died unexpectedly after dismissal, within 30 days of the procedure. Three patients had development of hemoptysis, which was mild in 2 patients and did not delay the discharge and severe in 1 patient who required overnight ICU observation. That patient was taking clopidogrel because of a prior coronary artery stent procedure, which prompted us to avoid BPA in patients taking such agents. Following completion of clopidogrel therapy, the patient underwent multiple additional sessions without complications. One patient with nearly systemic PA pressures and a very large RV and proximal PA experienced cardiac tamponade during initial guiding catheter placement and the procedure had to be aborted, suggesting higher risk in such patients.
Our approach differs from that reported by the Japanese centers. Individual lesions were dilated maximally as a single-step procedure, rather than a partial dilation followed by further expansion at a subsequent session. The latter approach has been recommended in an effort to reduce risk of reperfusion injury in situations of a large pressure gradient across a lesion, especially in those with a mean PA pressure above 35 mm Hg. Our incidence of reperfusion injury was nonetheless quite low, and risk of serious effects of reperfusion was minimized by limiting the number of lesions dilated per session in all patients. The vast majority of our patients were taking pulmonary vasodilators at the time of their BPA sessions. In part, this was intended to reduce the PA pressures before the BPA, thereby hopefully reducing procedural risk and incidence of reperfusion injury.
Our results are consistent with those of previous studies from Japanese and European centers. Kataoka et al 8 were among the first who reported improvement in functional class, NT-proBNP levels, and hemodynamics in patients who underwent BPA for CTEPH. Shortly afterward, European centers published their experience with low rates of complications and with improvements in mean PA pressure, exercise capacity, and functional class with BPA. 7, 21 Several studies from Japan have reported similar results with improvement in hemodynamics and symptoms and lower rate of complications on followup. 11, 15, 16, [22] [23] [24] The published experience with BPA outside Japan remains limited; 2 recent studies from Germany and France reported low procedural mortality and improvement in hemodynamics similar to that found in our study. 25, 26 Our study found a somewhat lower decrease in mean PA pressure compared to some of the recent studies from Japan (average decrease of 11 vs 20 mm Hg); this difference is likely due to inclusion of symptomatic patients with chronic pulmonary emboli and normal resting hemodynamics (chronic thromboembolic disease). [27] [28] [29] The improvement in symptoms as assessed by NYHA functional class is similar to that in previous reports. 22 The echocardiographic evaluation of RV function in our cohort revealed improvement in TAPSE and average RV strain. These results are similar to those of previous studies that evaluated the effects of BPA on RV function by echocardiography. 30 Our study has several limitations. First, it is an interim analysis and not all patients had completed their revascularization and follow-up assessments at the time of this report. Consequently, follow-up echocardiographic data are unavailable in about half of the patients. In addition, there is a possibility that with longer follow-up, additional patients may be able to reduce or discontinue their pulmonary vasodilators. Third, the study design is retrospective, and the number of patients is relatively small.
CONCLUSION
We present the first contemporary era experience with BPA from North America. Our study found that BPA is an acceptably safe and effective treatment option for inoperable or residual CTEPH.
Abbreviations and Acronyms: BPA = balloon pulmonary angioplasty; CTEPH = chronic thromboembolic pulmonary hypertension; ICU = intensive care unit; IQR = interquartile range; 6MWD = 6-minute walk distance; NT-proBNP = Nterminal pro-B-type natriuretic peptide; NYHA = New York Heart Association; PA = pulmonary artery; PH = pulmonary hypertension; RAP = right atrial pressure; RHC = right-sided heart catheterization; RV = right ventricular; RVSP = right ventricular systolic pressure; TAPSE = tricuspid annular plane systolic excursion; WU = Wood units
